ᮀ The relationship between glucocorticoids (GCs) and memory is complex, in that memory impairments can occur in response to manipulations that either increase or decrease GC levels. We investigated this issue by assessing the relationship between serum corticosterone (the primary rodent GC) and memory in rats trained in the radial arm water maze, a hippocampus-dependent spatial memory task. Each day, rats learned a new location of the hidden escape platform and then 30 min later their memory of the location of the platform was tested. Under control conditions, well-trained rats had excellent spatial memory and moderately elevated corticosterone levels (~26 µg/dl versus a baseline of ~2 µg/dl). Their memory was impaired when corticosterone levels were either reduced by metyrapone (a corticosterone synthesis inhibitor) or increased by acute stress (predator exposure), forming an overall U-shaped relationship between corticosterone levels and memory. We then addressed whether there was a causal relationship between elevated corticosterone levels and impaired memory. If elevated corticosterone levels were a sufficient condition to impair memory, then exogenously administered corticosterone, alone, should have impaired performance. However, we found that spatial memory was not impaired in corticosterone-injected rats that were not exposed to the cat. This work demonstrates that an intermediate level of corticosterone correlated with optimal memory, and either a decrease or an increase in corticosterone levels, in conjunction with strong emotionality, impaired spatial memory. These findings indicate that fear-provoking conditions, which are known to engage the amygdala, interact with stress levels of corticosterone to influence hippocampal functioning.
INTRODUCTION
Understanding how emotion affects memory is a challenge because of the complexity of stress-memory interactions. Whereas intense emotional experiences can generate vivid memories that can last for years after the original experience (Bremner and Vermetten 2001; Green, 2003) , strong emotional experiences can also impair memory (Loftus and Burns 1982; Bower and Sivers 1998; Yovell et al., 2003; Markowitsch, 2003) . Recent research has provided insight into the neurobiological basis of the complex interactions between stress and memory. Studies have shown that the hippocampus, a temporal lobe structure which is important for memory formation, is strongly affected by stress Nadel and Jacobs 1998; Diamond et al., 2001; Kim and Diamond 2002) . For example, we have shown that stress impairs hippocampus-dependent memory in rats trained to remember either the location of food (Diamond et al., 1996) or a hidden platform in a water maze (Diamond et al., 1999; Woodson et al., 2003; Diamond et al., 2004a; Sandi et al., 2005) . These findings are consistent with other studies in rodents and people demonstrating the susceptibility of hippocampus-dependent memory and synaptic plasticity, i.e., longterm potentiation (LTP), to be impaired by acute stress or increased GC levels, i.e., corticosterone in the rat or cortisol in people (see Kim and Diamond 2002; Diamond et al., 2004a for reviews).
While it is evident that stress-induced increases in corticosterone can be detrimental to hippocampal functioning, it is perhaps paradoxical that studies have also shown that manipulations which produce decreases in corticosterone levels also impair cognitive performance Pugh et al., 1997; Conrad et al., 1999; Roozendaal, 2000; McGaugh and Roozendaal 2002) . One explanation for this paradoxical finding is that there is a U-shaped relationship between corticosterone and both memory and hippocampal plasticity (Diamond et al., 1992; Kerr et al., 1994) . However, the existence of a Ushaped function between stress or corticosterone and memory is based largely on a composite of findings from different training paradigms and species (as reviewed in Lupien and McEwen 1997; Lupien et al., 2005) , but only rarely has a complete U-shaped function been demonstrated in individual studies (Yerkes and Dodson 1908; Broadhurst, 1957; Stennett, 1957; Watters et al., 1997; Lupien et al., 1999; Conrad et al., 1999) .
The infrequently observed U-shaped function between corticosterone and memory is only one level of complexity in stress effects on memory. It has also been shown that, under some conditions, stress effects on hippocampal LTP and memory can be blocked without there being any reduction in the stress-evoked increase in corticosterone levels. For example, suppression of amygdala functioning (Kim et al., 2001; Kim et al., 2005) or administration of an antidepressant (tianeptine) (Shakesby et al., 2002) can block the effects of stress on spatial memory and hippocampal LTP without affecting the stress-induced increase in corticosterone levels. These findings indicate that elevated corticosterone levels, alone, may not be sufficient to impair memory.
The aim of this series of experiments was to study the relationship between corticosterone and hippocampus-dependent memory. We have found previously that acute exposure of rats to a fear-provoking experience (inescapable exposure to an unfamiliar environment or to a cat) impaired their spatial memory (Diamond et al., 1996; Diamond et al., 1999; Woodson et al., 2003; Diamond et al., 2004a; Diamond et al., 2004b; Sandi et al., 2005) . We hypothesized here that if the surge in corticosterone levels that occurred during cat exposure was necessary for stress to impair memory, then metyrapone, a corticosterone synthesis blocker, should block the stress-induced impairment of spatial memory. In addition, if elevated corticosterone levels were sufficient to produce a memory impairment, then exogenous administration of corticosterone, to otherwise non-stressed rats, should mimic the memory impairments produced by predator stress. Therefore, the goal of this work was to provide a comprehensive analysis of the relationship between behaviorally and pharmacologically manipulated corticosterone levels and spatial memory in water maze-trained rats.
MATERIALS AND METHODS

Animals and Water Maze Characteristics
Adult male Harlan Sprague-Dawley rats (300g) were given one week to acclimate to the vivarium 12:12 light/dark cycle (lights on at 6AM) with food and water available ad libitum. Methodological procedures involved in training rodents and illustrations of the radial arm water maze (RAWM) have been provided in previous studies (Diamond et al., 1999; Park et al., 2001) . Training took place in a tank of water (21 o C) with internal walls which produced 6 swim arms that radiated out of an open central area. The arm that contained the hidden escape platform, located 1 cm below the surface of the water, is referred to as the goal arm.
Daily Training Procedures
Each day the rats were brought into the laboratory at about 9 AM and 1 hour later water maze testing began. At the start of a trial a rat was placed in the water, facing the center of the maze, in one of the arms that didn't contain the platform (start arm). The rat then swam out of the start arm into the open central area and then entered arms in search of Non-linear relationship between corticosterone and memory the escape platform. Entries into arms other than the goal arm were errors. With each error the rat was returned to the start arm, as described previously (Diamond et al., 1999) .
Rats were given up to 2 min per trial to find the platform and then they were allowed to remain on it for 30 seconds. In each daily training session, rats were given 4 sequential trials to learn where the platform was located (acquisition phase). The start arm was different on each trial. Well-trained rats completed the 4 trials of the acquisition phase in about 3 minutes. At the end of the fourth trial the rats were removed from the maze and returned to their home cages. Thirty min later they were returned to the maze for a fifth trial. The time between the fourth and fifth trials was the delay period, and the fifth trial was the memory test trial.
The hidden platform was always located in the same arm on each of the 5 trials within a day. Across days, the platform was pseudorandomly located in any one of the six arms, with the exception that it was never in the same arm on two consecutive days. This procedure, therefore, tested hippocampus-dependent (working) memory because the rats had to learn (on Trials 1-4), and then remember (tested 30 min later on Trial 5), which arm contained the hidden platform on that day. Previous studies have shown that performance on this task was impaired in rats that were chronically Gerges et al., 2004) or acutely (Diamond et al., 1999; Woodson et al., 2003; Sandi et al., 2005) stressed, or that had hippocampal damage (Diamond et al., 1999) .
All stress manipulations and corticosterone injections (described below) took place during the delay period, i.e., after the 4 learning trials were completed and before the fifth (memory test) trial. Therefore, the data analysis focused on how the stress or corticosterone manipulations affected memory performance on Trial 5.
Performance Criterion
Evidence of efficient within-day learning and memory was quantified using our standard performance criterion (Diamond et al., 1999; . To meet the criterion a rat could commit a total of no more than 1 error on the three memory test trials across any three consecutive days of training. The third day of the series in which a rat satisfied the 3day criterion period was its day to criterion (DTC). This stringent performance criterion ensured that the stress and drug manipulations were administered only to rats that had exhibited excellent spatial memory for three consecutive days under control conditions.
Stress and Drug Injection Procedures
The rats were given an injection of the vehicle twice early in training (on Days 4 and 5) to acclimate them to the injection procedures. All stress and drug manipulations were carried out on well-trained rats on C. R. Park et al. the two days after they reached their DTC. The same manipulation (drug or stress) was conducted on each of the two post-DTC days. The numbers of errors committed by the rats on the two days of post-DTC testing were averaged to obtain a single mean value for each animal.
Metyrapone (50 or 75 mg/kg, ip) or an equivalent volume of vehicle (1 ml/kg, ip) was injected 30 minutes before Trial 1 and corticosterone (either 5 or 1 mg/kg, sc) was injected at the start of the 30 min delay period. The two doses of metyrapone produced statistically equivalent effects on corticosterone levels and memory (all t-tests, p > 0.1). Therefore, to increase the power of the statistical tests, data from rats injected with either of the two doses of metyrapone were combined. During stress testing each rat remained in a Plexiglas container with ventilation holes next to the cat (Diamond et al., 1999) .
Drugs
Metyrapone (Aldrich Pharmaceuticals) was dissolved in polyethylene glycol (PEG) and then diluted with physiological saline to a final PEG concentration of 30%. Corticosterone (Sigma) was dissolved in 95% alcohol and then diluted with physiological saline to a final concentration of 1 or 5 mg/ml in 10% alcohol.
Blood Sampling
General Procedure
Animals were placed in a restrainer and within 2 min a 0.5 ml blood sample was obtained from a cut on the tip of the tail. The serum was extracted and stored at -70 o C until it was assayed for corticosterone by radioimmunoassay (ICN Pharmaceuticals).
Laboratory Baseline Blood Sampling Procedures
One group was used for the sole purpose of measuring laboratory baseline corticosterone levels in well-trained rats. All rats in this group were first given at least one week of daily water maze training. Then they were brought to the laboratory, where they remained undisturbed for one hour, followed by blood sampling. These rats, therefore, provided a measure of corticosterone levels in well-trained rats that were brought to the laboratory following standard daily procedures, but on the day of blood sampling they were not placed in the water.
Post-Memory Testing Blood Sampling Procedures. All rats in the remaining groups provided data for both, spatial memory and corticosterone levels. That is, all rats in the experimental groups were trained to their DTC, and then on the next two days they were tested under control, stress and/or drug conditions. Blood samples were obtained from rats in these groups immediately after the memory test trial on the second day after they reached their DTC.
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Summary Timeline
Across Day Timeline
All rats were given daily training until they reached their DTC and then all experimental or control manipulations took place on the next two days. Therefore, all data presented in this work are from well-trained rats that had exhibited a high degree of accuracy in their within-day spatial learning and memory during preliminary training.
Within-Day Timeline
Metyrapone or vehicle was injected 30 min before the start of the acquisition phase on each of the two post-DTC training days. The 4 trials of the acquisition phase were completed in approximately 3 minutes, and then the rats were placed either in their home cages (MET-or VEH-No Stress) or with a cat (Met-or Vehicle-Stress) for 30 min. At the end of the delay period the rats were given the memory test trial. Corticosterone injections were given at the start of the 30 min delay period followed by memory testing 30 min later. The groups administered both, metyrapone and corticosterone, received the metyrapone 30 min before Trial 1 and corticosterone at the start of the delay period (immediately after Trial 4), followed by 30 min of exposure to either the cat (MET-corticosterone-Stress) or their home cage (MET-corticosterone-No Stress).
Statistical Tests
Data were analyzed with a mixed design repeated measures Analysis of Variance (ANOVA) with post-hoc Student-Newman-Keuls (SNK) tests. Nonparametric tests (Kruskal-Wallis ANOVA on ranks and Dunn's post-hoc test) were performed when appropriate. Group data are presented as the mean (± SEM) in Figures 1, 2 and 3 (top) and 4, and as the median (± interquartile range) in Figure 3 (bottom). P values < 0.05 were considered significant.
RESULTS
Baseline corticosterone levels
Baseline corticosterone levels were obtained from rats that were first given at least one week of daily water maze training. Then, a single blood sample was obtained from them at the time of day in which they would have been placed in the tank, i.e., about 1 hour after they were transported to the laboratory. The baseline corticosterone level was 2.5 ± 0.57 µg/dl (n=13), and is illustrated as the area of gray shading in Figure 1 (top) extending across the bars for the 5 experimental groups.
Post-Memory Testing Corticosterone Levels
Post-memory testing blood samples were obtained from rats in the experimental groups immediately after Trial 5 on the second day after C. R. Park et al. the rats reached their DTC. Each of the 5 experimental groups had significantly higher corticosterone levels than the laboratory baseline group (F 5,59 = 98.1, p < 0.001; SNK, p < 0.05), confirming that placement in the water was stressful. FIGURE 1. Effects of metyrapone, cat exposure and/or corticosterone injection on corticosterone levels (top) and spatial memory errors (bottom). Top: The shaded region indicates the mean (2.5 ug/dl) of the laboratory baseline corticosterone levels. VEH and MET on the left (Home Cage) side indicates that these two groups received either vehicle or metyrapone 30 min prior to Trial 1, and then they spent the delay period between Trials 4 and 5 in their home cages. VEH, MET or MET + CORT on the right (Stress) side indicates that these three groups received vehicle, metyrapone or metyrapone and corticosterone injection, and these rats spent the delay period with the cat (Stress). The * indicates that the VEH and MET+CORT groups had significantly greater corticosterone levels than all of the other groups. The β indicates that the MET -Stress group had significantly lower corticosterone than all of the other groups trained in the water maze. Bottom: Spatial memory errors (Trial 5 performance) for the 5 groups given the treatments described above. The * indicates that the VEH and MET + CORT Stress groups committed significantly more errors than the two Home Cage (VEH and MET) and the MET -Stress groups.
The two hatched bars to the left of the vertical line in Figure 1 (top) indicate that training in the water maze, without cat exposure, produced an equivalent increase in corticosterone levels in the vehicle-and metyraponeinjected groups. Hence, metyrapone administration 30 min before Trial 1 did not block the increase in corticosterone levels produced by immersion in the water. The lack of metyrapone effect on corticosterone levels in this group was unexpected, but has been reported in another study (Kerr et al., 1994) . In addition, the post-metyrapone corticosterone levels we observed here are comparable to those reported by Akirav et al., (2004) , who also administered metyrapone prior to water maze training. It is possible that cold water exposure stimulated the release of corticosterone that had already been synthesized and stored in the adrenal glands (Cam and Bassett 1983) prior to the metyrapone injection.
The three filled bars to the right of the vertical line in Figure 1 (top) show the effects of the combination of maze training and cat stress on corticosterone levels in the Vehicle-injection (VEH), metyrapone injection (MET) and metyrapone + corticosterone injection (MET+CORT) groups. Immediately after the memory test trial, the VEH/Stress group had an increase in corticosterone levels which was significantly greater than corticosterone levels in the two home cage (VEH/No Stress and MET/No Stress; left side) groups and the MET/Stress group (SNK, p < 0.05). The group given metyrapone (30 min before Trial 1) followed by corticosterone injection and stress (MET+corticosterone/Stress) (during the delay period) had significantly greater levels of corticosterone than all of the other groups (SNK, p < 0.01).
Spatial Memory Performance
The graph in the bottom of Figure 1 illustrates Trial 5 (memory) performance. As with the top graph, the hatched bars to the left of the vertical line in the bottom of Figure 1 illustrate data for the two groups that spent the delay period in their home cages (control condition), and the filled bars on the right illustrate data for three groups that were exposed to the cat (stress conditions). Overall, there was a significant effect of group (F 4,50 = 6.23, p < 0.001). There was no significant difference between the vehicle-and metyrapone-injected home cage groups (left side), indicating that metyrapone had no effect on memory under control conditions. The Vehicle-injected (VEH) and MET/CORT groups exposed to the cat (MET + CORT/Stress) committed significantly more errors than both groups of home cage-exposed rats and the metyraponeinjected stress group (MET/Stress) (SNK, p < 0.05).
Corticosterone-Memory Correlations
We performed additional analyses of the metyrapone-treated groups shown in Figure 1 and found that corticosterone levels of individual rats C. R. Park et al. correlated with their spatial memory errors. Figure 2 (top) illustrates the finding that there was a significant negative correlation between corticosterone levels and errors for all rats given metyrapone (MET-HC and MET-Stress; r = 0.54, p < 0.05).
Rats trained under control conditions (VEH-HC) exhibited a narrow range of both corticosterone levels and memory errors. It was not feasible, therefore, to conduct a regression analysis between corticosterone FIGURE 2. Linear correlations between endogenous corticosterone levels and spatial memory errors. There was a significant negative correlation between corticosterone and spatial memory for animals in the VEH and MET-Home Cage groups and the MET-Stress groups (top). The hatched bar indicates the mean (± SEM) number of errors for the control (HC-No Stress) group plotted on the x axis at the mean corticosterone level for this group. The lower graph indicates that there was a significant positive correlation between corticosterone and errors for the VEH-Stress and MET-CORT/Stress groups (bottom). and memory errors for this group. The corticosterone and memory data for the control group is provided as an overlay bar plot in the top of Figure 2 . The mean number of errors and SEM for the control group overlaps with the regression line formed solely by the metyrapone-treated animals, suggesting that the corticosterone-memory correlation is continuous between the metyrapone-treated and control rats.
A regression analysis was also performed on the two groups with corticosterone levels that were increased by stress or by the combination of stress, metyrapone and corticosterone injection (VEH/Cat Exposure and MET + CORT/Stress). Figure 2 (bottom) shows that there was a significant positive correlation between corticosterone levels and memory errors for the rats in these two groups (r = 0.72, p < 0.01). Figure 3 is a comprehensive analysis of all of the raw data from the 5 experimental (non-baseline) groups (shown in Figures 1 and 2) . The top graph is a line of best fit through the data (Sigmaplot 8.0, spline curve fit). The line is U-shaped, with the greatest incidence of errors occurring at the lowest and highest corticosterone levels and the fewest incidence of errors committed by animals with corticosterone from 30-50 µg/dl.
U-Shaped Relationship Between Corticosterone and Memory
The lower graph in Figure 3 is a transform of the data to conduct a statistical analysis of the U-shaped function. The range of corticosterone was arbitrarily divided into five regions from 0-18 (n=10), 18.1-30 (n=18), 30.1-50 (n=9), 50.1-68 (n=7) and 68.1-100 (n=7) µg/dl, and the median values in each range (± the interquartile range) are shown. Non-parametric analyses were conducted because the data were not normally distributed. The fewest memory errors were committed by rats with corticosterone levels from 30.1-50 µg/dl (median errors = 0, interquartile range = 0), and significantly more errors were committed by rats with corticosterone levels outside of this mid-range (Kruskal-Wallis ANOVA on ranks, H=26.168, 4 df; post-hoc Dunn's Method, p < 0.05).
Effects of Exogenous Corticosterone on Memory
The basis of the stress-induced impairment of memory may have been the acute increase in corticosterone from optimal performance levels (30-50 µg/dl) to cat-stress evoked levels (> 50 µg/dl). To test this possibility, we injected a different group of rats with corticosterone (5 mg/kg, sc) at the start of the delay period and then they spent the delay period in their home cages. Thirty min later (immediately after the memory test trial) this group had an increase in serum corticosterone levels which was statistically equivalent to the increase in endogenous corticosterone levels found in vehicle-injected rats exposed to the cat (Figure 4 ). However, unlike cat-exposed rats, the corticosterone-injected home cage group did not commit a significant increase in errors (Figure 4) . Therefore, increas-C. R. Park et al. es in corticosterone correlated with impaired memory only when elevated levels occurred in cat-exposed rats.
DISCUSSION
Investigators have long suggested that the complex effects of emotionality on memory can be understood within the framework of a Ushaped dose-response function between GCs and hippocampal-dependent memory Cahill and McGaugh 1998; Conrad Non-linear al., 1999; Roozendaal, 2002; Lupien et al., 2005; Conrad, 2005) . However, the effects of high levels of GCs or GC agonists on hippocampaldependent memory, as well as LTP, can be blocked in animals with a suppression of functioning of the amygdala Kim et al., 2001; Roozendaal et al., 2003; Kim et al., 2005) . It was therefore not known how there can be a doseresponse "U-shaped" function between GC levels and hippocampal functioning which can be nullified by inactivation of the amygdala. Our findings have addressed this issue. We have shown that the expression of the corticosterone-memory dose-response function was dependent on the emotional context in which the elevated corticosterone levels occurred. High levels of corticosterone correlated with impaired memory only for rats that were placed in a fear-provoking, i.e., amygdala activating, condition. Thus, the group with endogenous increases in corticosterone produced by cat exposure and the group given metyrapone with corticos-FIGURE 4. There was no effect of corticosterone injection, alone, on spatial memory. Corticosterone levels are indicated on the left y-axis and spatial memory errors are indicated on the right y-axis. The two groups to the left of the vertical dashed line (Vehicle and corticosterone injection -Home Cage) were placed in their home cages during the 30 min delay and the group to the right of the dashed line was injected with the vehicle and placed near a cat during the delay. Corticosterone injection in rats placed in their home cages produced a significant increase in serum corticosterone levels, but did not increase memory errors. Cat-exposed rats had elevated endogenous corticosterone levels as well as increases in spatial memory errors, compared to the vehicle-injected home cage group. The * indicates p < 0.05 compared to the home cage (control) group. terone replacement, followed by cat exposure, both showed memory impairments. By contrast, the group with high levels of corticosterone produced by exogenous corticosterone administration without predator exposure exhibited intact memory. Our work, therefore, indicates that an elevated level of corticosterone, alone, does not impair spatial memory; elevated levels of corticosterone needed to occur in conjunction with the animal being in a fear-provoking environment for memory to be impaired.
Our finding that heightened emotionality is a critical factor in the manifestation of corticosterone effects on memory is consistent with the work of Buchanan and Lovallo (2001) in their study of cortisol-arousal interactions in people. These investigators reported that cortisol administration enhanced memory for emotionally arousing information in people, but had no effect on memory for emotionally neutral information. Brandenberger et al. (1980) also showed a positive correlation between stress-induced increases in cortisol levels and memory. Whereas in the Buchanan and Lovallo work, elevated levels of cortisol correlated with an enhancement of memory, Brandenberger et al showed that elevated levels of cortisol correlated with an impairment of memory. The capacity for GCs to either enhance or impair memory has been a topic of discussion in recent years. Investigators have noted that an increase in GC levels appears to contribute to the enhancement of the memory of the stress experience, itself, while simultaneously impairing retrieval of information acquired outside of the stress context (Sandi, 1998; de Kloet et al., 1999; Diamond et al., 2001; Roozendaal, 2002) . Thus, high GC levels at the time of learning have been shown to enhance the memory of an arousing experience in rats (Roozendaal and McGaugh 1997; and people (Buchanan and Lovallo 2001) , and to impair memory for information acquired outside of the stress experience (Diamond et al., 2004a; Diamond et al., 2004b) . Our findings, therefore, are consistent with the literature on corticosterone-memory interactions in that the information that was forgotten (the platform location) was outside of stress context (cat exposure).
The lack of effect of exogenously administered corticosterone on spatial memory in rats that were not exposed to the cat described here replicates the findings of Sandi et al. (1997) . These investigators found that corticosterone administration to rats which were trained under conditions similar to ours (water maze testing in cold water without cat exposure) did not impair spatial memory. Our findings are also relevant toward understanding why corticosterone levels can be elevated under a variety of different conditions, but memory is impaired in only a subset of those conditions. That is, stressful conditions, such as predator exposure in rats (Diamond et al., 1999; Woodson et al., 2003; Diamond et al., 2004a; Sandi et al., 2005) and public speaking in people (Kirschbaum et al., 1996; Wolf et al., 2001; Payne et al., 2002) , are associated with increases in GC levels and with impaired memory. However, an increase in GC levels can also occur under other conditions, such as during feeding, exercise and sex, but these activities don't produce cognitive impairments (reviewed in Kim and Diamond 2002) .
In work relevant to this issue, we have found previously that two different behavioral conditions each produced high corticosterone levels in rats, but spatial memory was impaired in only one of the two conditions. In that study, male adult rats were exposed to either a cat or a sexually receptive female rat. Cat and female rat exposure produced an equivalent elevation of endogenous corticosterone levels in the male rats, but only cat exposure produced a spatial memory impairment (Woodson et al., 2003) . The differences between cat and female rat effects on spatial memory, in the absence of differences in corticosterone levels between the two manipulations, provides empirical support for the idea that the increase in corticosterone needs to occur in conjunction with a fear-induced behavioral state for memory to be impaired.
Our findings are also consistent with those from a study with similar methodological procedures. As with the current study, Akirav et al (2004) administered metyrapone to rats prior to the acquisition phase of training. These authors found that metyrapone administration to rats trained in cold water reduced corticosterone levels and impaired their performance in the acquisition and memory phases of testing. This group also did not report that corticosterone administration, alone, impaired learning and memory. On the contrary, in this work and in their previous study , corticosterone given to rats trained under low stress training conditions actually enhanced spatial memory. Their findings, in conjunction with ours, provide strong support for the hypothesis that the effects of corticosterone on learning and memory are dependent on the context in which the elevation of the corticosterone occurs.
The basis of the permissive influence of stress in the expression of the correlation between elevated corticosterone levels and impaired spatial memory is not known. The process may involve the corticosteroneinduced activation of intrinsic hippocampal GC (de Kloet et al., 1999) and NMDA (Kim et al., 1996) receptors, in conjunction with activation of the amygdala (Setlow et al., 2000; Kim et al., 2001; Kim et al., 2005) . Specifically, the hippocampus contains the highest density of corticosterone receptors and administration of corticosterone agonists can affect hippocampal LTP (Rey et al., 1994; Pavlides et al., 1996; Alfarez et al., 2002) and spatial memory (Kim and Diamond 2002) . However, under some conditions, elevated corticosterone levels have been shown to have no effect on LTP or memory. For example, acute administration of an antidepressant, tianeptine, blocked stress effects on LTP (Shakesby et al., 2002) without reducing the stress-induced rise of corticosterone levels.
Similarly, Kim et al. (2001; 2005) showed that stress did not block LTP or impair memory in rats with damage to, or inactivation of, the amygdala, despite the fact that the stressed amygdala-lesioned rats had a normal stress-induced increase in corticosterone levels. Finally, Roozendaal and co-workers reported that corticosterone effects on hippocampus-dependent memory could be blocked by inactivation of the amygdala (Roozendaal, 2000; Roozendaal et al., 2003) . These studies, in concert with the current findings, support the view that an increase in corticosterone levels is not a sufficient condition to mediate stress effects on hippocampal plasticity and learning. Thus, the stress-dependent correlation between elevated levels of corticosterone and memory that we observed here may have been produced by corticosterone actions directly on the hippocampus in conjunction with amygdala-hippocampus interactions (Richter-Levin and Akirav 2000; Diamond et al., 2001; Abe, 2001) .
Although it is possible that activation of hippocampal GC receptors contributed to the stress effects on memory described here, the rapid time-course (in 30 minutes) argues against the effects occurring via classical steroid binding to intracellular receptors, followed by genomic activation and protein synthesis (de Kloet et al., 1998) . It is more likely that rapid, i.e., non-genomic, actions of corticosterone influenced hippocampal functioning in the current work. It is known that peripheral administration of GCs can increase levels of excitatory amino acids in the hippocampus (Venero and Borrell 1999) and corticotropin releasing hormone (CRH) levels in the amygdala (Cook, 2002) in less than 30 min. Moreover, Cook (2002) reported that predator stress produced a rapid (within 2 min) increase in amygdala CRH levels, followed by a secondary increase of CRH levels 25 min after the onset of the stressor. By contrast, administration of a GC, to otherwise non-stressed animals, produced only the secondary (25 min) elevation of CRH levels. These findings indicate that the effects of elevated corticosterone levels in conjunction with predator exposure, as compared to elevated corticosterone levels produced by injection alone, can be distinguished on the basis of differences in production of amygdaloid CRH. Thus, interactions between the rapid stressinduced corticosterone-independent increase in CRH levels in conjunction with slower corticosterone-dependent increases in amygdaloid CRH (as well as stress-induced increases in amygdaloid norepinephrine (Roozendaal, 2000; McGaugh and Roozendaal 2002) ) are likely to underlie the permissive influence of stress in the expression of corticosterone effects on spatial memory.
Whereas the high end of the U-function between corticosterone and memory impairments was produced by the combination of predator stress and elevated corticosterone levels, the low end of the U-function was produced by a reduction in corticosterone by metyrapone. Our finding of a correlation between impaired memory and reduced corticos-
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terone levels is consistent with other work showing that a reduction in corticosterone levels by metyrapone Liu et al., 1999; Cordero et al., 2002; Akirav et al., 2004) , adrenalectomy (Oitzl and de Kloet 1992; Vaher et al., 1994; Conrad et al., 1997; Oitzl et al., 2001) or antagonism of corticosterone activity Conrad et al., 1999; Oitzl et al., 2001) impaired hippocampus-dependent learning and memory, and that the impairment could be reversed by glucocorticoid replacement in rodents and people (Lupien et al., 2002a; Lupien et al., 2002b) .
The observation of optimal memory performance by rats with intermediate corticosterone levels (30-50 µg/dl) deserves consideration. Water maze training is an inherently stressful task, as indicated by high corticosterone levels found in rodents subjected to the task (Diamond et al., 1996; Holscher, 1999) (Figure 1 ). Under control conditions, water maze-trained rats exhibited excellent spatial memory, despite the fact that the task evokes levels of corticosterone that are normally considered to be in the stress range. The elevated corticosterone levels produced by water maze training may, in fact, have produced positive effects on memory. This view of a facilitatory effect of intermediate levels of corticosterone on memory is supported by findings in which training conditions which typically produce low levels of corticosterone and impaired learning and memory resulted in significant improvements in performance with corticosterone supplementation (Sandi and Rose 1994; Sandi et al., 1995; Sandi et al., 1997; Roozendaal et al., 1999) . In related electrophysiological work, supplementation of adrenalectomized rats with corticosterone to produce an intermediate level of serum corticosterone resulted in an enhancement of the magnitude of primed burst (PB) potentiation (Diamond et al., 1992) , a low threshold form of LTP (Rose and Dunwiddie 1986; Diamond et al., 1988) . However, very high or low levels of corticosterone correlated with reduced PB potentiation (Bennett et al., 1991; Diamond et al., 1992) . Similar findings from Kerr et al (1994) support the view that intermediate levels of corticosterone enhance processes involved in the storage of information.
In summary, we have found a U-shaped function between corticosterone levels and memory which is relevant to a large literature demonstrating that an acute increase or decrease in corticosterone levels can correlate with impaired memory. We also found that elevated corticosterone levels, alone, were insufficient to affect memory. The elevated corticosterone levels needed to occur in conjunction with a behavioral stress state for corticosterone-related memory impairments to be expressed. The stress-corticosterone interactions described here are potentially relevant toward understanding how amygdala activation interacts with stress levels of corticosterone to influence hippocampal processing.
